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Summary
An investigation was made of tube grades of high-density polyethylene with a unimodal and a bimodal molecular weight distribution during shear and longitudinal deformation under constant force conditions. It was shown that these polymers have similar melt flow indices and flow curves but differ considerably in other characteristics during shear deformation and in their behaviour during longitudinal deformation.
In recent years there has been a shift towards the manufacture of polyethylene tubes from bimodal polyethylene PE 100. The molecular structure of polyethylenes produced by different manufacturers can be extremely varied, depending on the synthesis conditions. Diagrams of the molecular weight distribution (MWD) of polymers of unimodal and bimodal structure are shown in Figure 1 .
Bimodality introduces features into their molecular and supermolecular structure that ensure prolonged durability of tubes under pressure, although the specific relationship between the structure of tube-grade polyethylenes and their service properties has yet to be established. It appears that the presence of the high-molecular-weight component promotes an increase in service properties, while the low-molecular-weight component facilitates the process of tube production. It is of interest to investigate the rheological properties of bimodal polyethylene and to compare them with the properties of a unimodal polymer of similar melt flow index (MFI). Differences in the molecular structure of these polyethylenes may manifest themselves both in the process of shear deformation and under conditions of elongation, bearing in mind that longitudinal strain of the melt is considered to be more sensitive than shear strain to the structure of the polymer [3] , and moreover, during extrusion, the polymer is subjected to both types of deformation both in the extruder and in the forming tool.
The investigation was conducted on Hostalen CRP 100 GA 2945 T 01 (PE 100; Basell), as a typical bimodal polymer used worldwide for the production of polyethylene tubes, and on unimodal polyethylene 273-83 (batch 316) (PE 63; Kazan'orgsintez LLC). The obtained results were checked on other specimens of tube-grade PE 100 manufactured by different companies, supplied by the Poliplastik Group LLC. 
where τ is the shear stress, η is the effective viscosity,  γ is the shear rate, and n is the exponent. The greater the degree to which exponent n differs from unity (Newtonian viscosity), the broader the MWD of the polymer. Bimodal polyethylene could be expected to have a greater value of n than unimodal polyethylene. In fact, the values of the flow indices n for the bimodal and unimodal polymers were similar. This indicates that in unimodal PE 63 the breadth of the MWD is fairly great and fully comparable with the MWD of the polymodal PE 100.
An important characteristic of the rheological properties of melts is the magnitude of the entrance pressure losses. The pressure losses at entry into the capillary (on passing from a channel of large diameter into a channel of smaller diameter) are made up of a number of components. These include the eddies (circulations) at the angles of the broad channel before it changes into a narrow channel, the tensile strains of the melt on changing from a low flow rate (wide channel) to a high flow rate (narrow channel), and also the pressure losses on transition to steady-state flow (steady-state stationary velocity profile) as the melt moves in the narrow channel. It is assumed that elongation losses make the greatest contribution to the total magnitude of losses [4] . This is confirmed by reference to the work by Aho and Syrjala [5] and Sunder and Goettfert [6] , in which, on the basis of the Cogswell [7] and Gupta [8] models, the longitudinal viscosity was calculated from data of pressure losses at entry into the capillary.
The entrance losses are determined from the dependence of the pressure at entry into the capillary on the ratio of length L to diameter D [9] . Classical studies by different authors, beginning with Bagley [9] , indicate a linear dependence of pressure on L/D, which makes it possible, by extrapolation, to obtain the P value at L/D → 0, to estimate the entrance losses, and to determine the ratio L/D with which the flow becomes steady state. For both polymers the pressure increases linearly with increase in capillary length to L/D = 20, and then a sharp pressure increase is observed, and here the slope is greater for bimodal PE 100 than for unimodal PE 63. Three-point extrapolation in the given case is impossible, as it gives negative values of pressure at entry into the capillary, which is physically impossible. (Obtaining negative values of pressure losses is also described elsewhere [11, 12] .) It can be assumed that, when capillaries with L/D > 20 are used, there is a change in the mechanism of flow, which is connected with the molecular structure of the polymer, as the slope of the dependences changes for the investigated polymers. With increase in the shear rate for PE 63, likewise there is a change in the slope of the dependence P-L/D.
The large differences in entrance losses of the two polymers, and also the abnormal behaviour of the dependences P-L/D, may be due to the difference in elasticity of their melts. Furthermore, it must be pointed out that, at low strain rates (less than 1 s −1 ) for PE 63 there is no discontinuity on the dependence, and consequently positive values of pressure losses are obtained by threepoint extrapolation.
To assess the elasticity of the melts, elongation was carried out under constant force conditions in a bath with silicone oil (which prevented sagging of the specimens during deformation) by the procedure described by Sabsai et al. [12] .
We obtained curves of melt creep at a temperature of 145°C and an initial tensile stress σ = 4 kPa, and we determined the total strain ε and its reversible (elastic) α and irreversible (viscous) β components. After elongation to total strain values ε of 2-7 (specimens rupture at ε > 7), the dimensions of the specimen were measured after contraction in the bath, when its length had practically ceased to decrease. This occurred within approximately 1 h. Figure 4 shows the obtained dependences for the two PE specimens. The results are given in Table 1 . The table gives obtained melt elongation indices (MEIs), which comprise the time of achievement of a specific value of total deformation at a certain temperature and under the initial tensile stress.
From the obtained data it can be seen that increase in the tensile strain development rate, and in this case the high magnitude of reversible strain in the specimen of bimodal PE 100 (achieved within the same time), is in agreement with increased indices of melt pressure losses at entry into the capillary. The entry pressure losses are certainly complex, including, as pointed out, the eddies in the wide channel on transition into the narrow channel and the prolonged process of formation of the velocity profile in the narrow channel (increased normal stresses), but undoubtedly the greatest contribution to the pressure losses is made by melt elongation at entry into the capillary.
Production practice gives many instances of difficulties arising during processing, especially during extrusion, on switching to another grade of the same polymer (from a different manufacturer) when the MFI values correspond to the standards. Experimental data obtained in the study make it possible to assume that this is due to differences in the elasticity of melts with identical MFIs, associated with the influence of the synthesis technology on the structure of the polymer.
To check this assumption, the MFI values of certain polyethylene grades from foreign and home manufacturers were determined, and also the ability of these melts to develop tensile strain.
An investigation was made of polymers produced by Basell, Petrochemical, Borealis, SCG Plastics, Stavropol'polimer LLC, and Kazan'orgsintez LLC. T/34 Figure 6 gives data on the MEIs of the investigated grades PE 100 and PE 63. The MEIs of Hostalens (Basell) are lower than the MEIs of all other investigated PE 100 grades and considerably lower than the MEI of unimodal PE 63.
The low MEI values of Hostalens indicate that the given polymers, having high MRS values, are deformed more readily during processing.
Thus, we see that polymers of the same class, having similar MFI indices, can differ considerably in rheological behaviour, both during shear and during longitudinal deformation, which must be taken into account in the processing of plastics, especially during extrusion. 
